Abstract: Lysosomal acid lipase deficiency (LAL-D) is an ultra-rare lysosomal storage disease that may present from infancy to late adulthood depending on residual enzyme activity. While the severe form manifests as a rapidly progressive disease with near universal mortality within the first 6 months of life, milder forms frequently go undiagnosed for prolonged periods and typically present with progressive fatty liver disease, enlarged spleen, atherogenic dyslipidemia and premature atherosclerosis. The adult variant of LAL-D is typically diagnosed late or even overlooked due to the unspecific nature of the presenting symptoms, which are similar to common changes observed in the context of the metabolic syndrome. This review is aimed at delineating clinically useful scenarios in which pediatric or adult medicine clinicians should be aware of LAL-D as a differential diagnosis for selected patients. This is particularly relevant as a potentially life-saving enzyme replacement therapy has become available and the diagnosis can easily be ruled out or confirmed using a dried blood spot test.
Introduction
Lysosomal acid lipase deficiency (LAL-D) is an inherited ultra-rare, autosomalrecessive lysosomal storage disease. 1 The LAL serves as a non-redundant enzyme in hydrolyzing triglycerides and cholesteryl esters in lysosomes. 2, 3 The key mechanism of the disorder involves the progressive accumulation of cholesteryl esters and triglycerides in the lysosomes of hepatocytes and macrophages, thereby inducing organ damage over time. 4 LAL-D presents with a wide clinical spectrum of severity ranging from variants with early mortality within the first months of life to mild asymptomatic forms in adulthood. 5 
LAL-D -Wolman disease
The most severe form of LAL-D has previously been referred to as Wolman disease (WD) and was first reported in 1956. 6 WD, or early onset LAL-D, has a rapidly progressive course and is fatal within the first year of life, mostly even within the first 3-6 months at a median age of death of 3.7 months. 6, 7 The dismal prognosis has only recently improved with the use of enzyme replacement therapy (ERT). 8 WD is characterized by absent or severely deficient (<1%) LAL enzyme activity. 9, 10 Infants suffering from early-onset LAL-D usually present with acute illness and failure to thrive. 6, 7, 11, 12 They have gastrointestinal symptoms including vomiting and diarrhea with steatorrhea resulting in growth failure. A further characteristic is massive hepatosplenomegaly entailing abdominal distension. The disease rapidly leads to liver failure including jaundice, portal hypertension and multi-organ failure. Additionally, in most of the patients suffering from early-onset LAL-D, calcifications of the adrenal glands are detected radiologically or in pathological examination. 7, 13 LAL-D -Cholesteryl ester storage disease
Cholesteryl ester storage disease (CESD) has historically been used to describe the late-onset variant of LAL-D which has a variable and milder clinical presentation. 5, 14, 15 The classical symptom complex includes a fatty liver with mildly elevated aminotransferases, characterized by the development of fibrosis and cirrhosis with a gradual decline in liver function and an atherogenic dyslipidemia profile with low high-density lipoprotein (HDL) cholesterol, high low-density lipoprotein (LDL) cholesterol and triglycerides, triggering premature atherosclerotic vascular disease. Age at disease onset and disease severity reflect the residual LAL enzyme activity, although other modifiers of the disease course are likely to exist, which have, however, not been systematically investigated. Disease manifestation may range from early childhood to late adulthood. Liver disease is the most common cause of death, typically occurring before the age of 40 years, and hepatocellular carcinoma and liver failure may develop at young age. 5, 16, 17 The disease spectrum of LAL-D is depicted in Figure 1 . This review is aimed at summarizing presenting signs and symptoms of LAL-D in children and adults, only briefly touching on infantile WD when it serves the topical purpose. The diagnosis among these subjects with the milder variant of LAL-D is frequently missed and timely establishment of the diagnosis and initiation of treatment is expected to significantly improve long-term outcome. 15, 18 Genetics and epidemiology Both WD and CESD are due to mutations in the LIPA gene, which is located on chromosome 10q23.2-q23.3 and contains 10 exons. 19 LAL-D is inherited in an autosomalrecessive mode indicating that the presence of one intact copy is sufficient to maintain physiological functions. 20 To date, a total of 120 disease-associated mutations have been reported. 21 LIPA genotypes determine the level of residual enzymatic activity, being directly linked to disease progression. WD is characterized by a LAL activity between complete absence to less than 1%, while LAL activity in late-onset CESD typically ranges between <1% and 10% in peripheral leukocytes and cultured fibroblasts. 5, 9, 10, 22 The most common defect is a splice-junction mutation in exon 8 (E8SJM; rs116928232: c.894G>A, p.S275_Q298del), which is found in approximately half of all children and adults with LAL-D. 1, 23 Due to the rarity of the disease, with mainly case reports in the literature, there is only limited data on the prevalence of LIPA mutations. There have been studies investigating the incidence of heterozygosity for the E8SJM mutation in several populations. 1, 24, 25 Assuming that the mutation is responsible for 50% of LAL-D causing mutations, the prevalence for homozygote or compound heterozygote patients was estimated to be 1:40,000 in Germany. 1 With an allele frequency of 60% for the Hispanic and Caucasian population in the US, the prevalence was estimated to be 1:130,000. 25 Further, it has been observed that the E8SJM mutation is rare in the Asian and African-American populations, illustrating that further studies are needed to assess the epidemiology. 25 In a recent comprehensive genetic epidemiological analysis by Carter et al 21 
Mechanisms of disease
LAL is a lysosomal enzyme that hydrolyzes cholesteryl esters and triglycerides derived from LDL particles after their uptake via the LDL-receptor-endosomal pathway, mainly into hepatocytes. 2 Hence, LAL activity is crucially involved in providing the cell with free cholesterol and free fatty acids. In case of a defective LAL enzyme un-hydrolyzed cholesteryl esters and, to a lower degree, also triglycerides accumulate in multiple cells throughout the body. 3, 4, 12, 27, 28 Quantitatively, however, the pathway is most relevant in hepatocytes and cells of the mononuclear phagocyte system. The progressive accumulation of these lipids in lysosomes leads to the universally observed micro-vesicular hepatic steatosis. 28, 29 Lysosomal lipid accumulation represents an inflammatory trigger via yet unidentified mechanisms that induce fibrogenesis and subsequent development of cirrhosis over time. It can only be extrapolated from the role of lysosomal cholesterol in other diseases, such as NAFLD, that lysosomal lipid accumulation represents a potent trigger of the NLRP3-inflammosome pathway leading to liver inflammation and activation of hepatic stellate cells. 30 As free cholesterol and fatty acids are not sufficiently exported from the lysosomes in LAL-D subjects, the cytoplasm features low concentrations of these compounds. 2 Via activation of the key regulating transcription factors of lipogenesis, ie, sterol regulatory element binding proteins 1a, 1c and 2, the biosynthesis of cholesterol, fatty acids and consecutively apolipoprotein B-100, the major protein component of the increasingly produced very low-density lipoprotein (VLDL) particles. Further, LDL-receptor upregulation occurs in order to counteract low cytoplasmic lipid concentrations. [31] [32] [33] [34] Additionally, low HDL cholesterol concentrations arise from lack of liver X-receptor activation which is linked to low expression of ATP-binding cassette transporter A1 (ABCA1) and thus apolipoprotein A1 (ApoA1) export from liver cells. 35 As ApoA1 is the key apolipoprotein of HDL particles, low concentrations of HDL cholesterol are typically found in LAL-D subjects. 32 The mechanisms of disease are summarized in Figure 2 .
It is important to note that lysosomal degradation of LDL particles also takes place in other cells, although these are quantitatively not as important as hepatocytes and macrophages. In electron microscopy, lipid inclusions have been observed in other cell types such as biliary epithelium and endothelial cells. 28 From a pathophysiological point of view, this may be relevant for the pathogenesis of atherosclerosis. Development of atherosclerotic manifestations appears out of proportion to the extent of dyslipidemia, suggesting these mechanisms via direct involvement of vessel wall macrophages and endothelial cells as potential contributors. Additionally, rapid reversal of carotid stenosis within months in response to ERT has been observed in a patient even before the correction of dyslipidemia (M Zharkova, First Moscow State Medical University, Moscow, Russia, personal communication, April 2018), which also lends support to the mechanistic relevance of these pathways in vessel wall macrophages and endothelial cells. Figure 3 summarizes the development of relevant organ involvements in LAL-D.
The natural course of LAL-D and prognosis
Bernstein et al 5 reviewed the clinical features of 135 CESD patients (55% females). The mean age of onset was 5 years, and younger patients were more severely affected than those with later onset of LAL-D. Only 11% had become clinically apparent after the age of 12 years. All reported subjects presented with significant liver disease with elevated serum transaminases. Hepatomegaly was present in nearly all (99.3%) and splenomegaly in 74% of the patients. In 64% of the biopsied patients liver fibrosis or cirrhosis and in 29% cirrhosis was detected in the histological work-up.
Furthermore, esophageal varices were observed in 8.9% of these subjects. Eleven patients were reported dead, liver failure being the main cause of death (73%), mostly at young age; 50% of the deaths occurred before the age of 21 years and nearly universally by the age of 40 years. Cases of older subjects with liver and vascular disease up to the age of 60 have also been reported. However, long-term follow-up data were not available for most of the cases reported, possibly underestimating the extent of morbidity and mortality. On the contrary, it must be taken into account that cases with a milder course may go undiagnosed and unpublished.
Hypercholesterolemia due to an increase in LDL cholesterol was present in nearly all patients, despite many of them being treated with statins, indicating an increased cardiovascular risk. 5 There are case reports of accelerated atherosclerosis in LAL-D patients including aortic plaques in a 9-year-old and cardiovascular events at young age. 4, [36] [37] [38] However, due to limited data with low case numbers, to our knowledge, there are currently no published studies investigating the cardiovascular outcome of CESD patients and an international registry is currently being established.
Suspecting LAL-D in the clinical context
It appears evident that there is a gap between the genetically estimated prevalence of LAL-D and the cases known in most countries worldwide. 1, 21, 25 Due to the rarity of LAL-D, finding cases with the diagnosis is an unlikely event in any physicians' lifetime. However, there are particular clinical scenarios in which LAL-D represents a disease to be considered on the differential diagnostic agenda.
We have aimed to illustrate the diagnosis of LAL-D using four typical clinical scenarios according to the leading presenting symptom or finding in order to augment the yield for physicians who encounter these patients.
Scenario 1 -NAFLD in lean subjects, microvesicular steatosis
As LAL-D is a disorder that primarily affects the liver, it represents a differential diagnosis in the work-up of a patient with NAFLD. 39, 40 NAFLD by definition is a diagnosis of exclusion, which implies that other potentially underlying liver diseases must be excluded before arriving at the diagnosis NAFLD. Both the European and the American NAFLD guidelines have included LAL-D as one of the diagnoses that need to be ruled out in the diagnostic algorithm of a potential NAFLD patient. 39, 40 In our experience, the practical difficulty in the care of a fatty liver patient is that the metabolic abnormalities linked to insulin resistance are so common in Western societies that these are sufficient to explain fatty liver in nearly all patients in the clinical routine. Several "red flags" are in our experience helpful to consider LAL-D as the causative disease for a patient's fatty liver: 1) absence of obvious components and family history of the metabolic syndrome (MetS). 41 Most patients with MetS have other components like hypertension or elevated blood glucose and insulin, while LAL-D subjects will present with a fatty liver and dyslipidemia that is out of proportion with the remainder of the metabolic risk profile. 2) LAL-D subjects have some degree of splenomegaly due to lipid storage in the absence of clinical evidence of advanced liver disease or portal hypertension. 3) Liver biopsy is not performed in all NAFLD patients and biopsy indications vary widely within countries and even locally. The key feature that needs to bring LAL-D to the awareness of a physician is the finding of microvesicular steatosis. 28 cholesteryl ester which is distinct from the yellow of triglyceride accumulation in common NAFLD.
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Scenario 2 -hepatosplenomegaly
The finding of hepatosplenomegaly needs to raise the possibility of a storage disorder once hematological causes have been ruled out. 45 In LAL-D, the degree of splenomegaly appears smaller compared to the relative degree of hepatomegaly and this is different from Gaucher disease, another lipid storage disorder with dominant splenomegaly and a minor degree of hepatomegaly. Figure 4 shows MRI findings in an otherwise healthy young male with LAL-D (E Aigner, First Deparment of Medicine, Paracelsus Medical University Salzburg, Austria, unpublished own data, April, 2018).
Scenario 3 -advanced liver disease and cryptogenic cirrhosis
As mentioned above, the large majority of LAL-D subjects develop advanced liver disease with end-stage liver disease, decompensation, hepatocellular carcinoma or the need for transplantation prior to the age of 40 years. Hence, the work-up for any patient with advanced liver disease at an early age should contain a LAL-D dried blood spot test since even the presence of another liver disease does not exclude concomitant LAL-D and most common liver diseases do not progress to decompensation within the fourth decade of life. Particularly when other liver disorders are not detected, LAL-D is mandatory to be tested in advanced liver disease of unknown cause.
Scenario 4 -atherogenic dyslipidemia and atherosclerotic disease
Lipid profiles are commonly determined in the hospital and the family practice routine and may thus be the first indicator for LAL-D, which, according to the underlying mechanisms, is a lipid metabolism disorder rather than a liver disease. The lipid profile of LAL-D resembles hyperlipidemia type IIb with mild to moderate elevation of triglycerides and LDL-C and a decreased concentration of HDL-C. 5 In the general population, this lipid profile is quite consistently observed in subjects with type 2 diabetes or at least some degree of insulin resistance. 46 From a practical point of view, when the lipid findings are the starting point and atherogenic dyslipidemia is observed in the absence of other components of the MetS, LAL-D should be considered. Ideally, the further diagnostic work-up should include at least biochemical liver tests and abdominal ultrasound in these unexplained cases of atherogenic dyslipidemia. An American and a Portuguese study investigated the prevalence of LAL-D and LIPA mutations in cohorts of familial hypercholesterolemia and from dyslipidemia clinics and found subjects with LAL-D in both settings. 47, 48 To the best of our knowledge, no data are available on the prevalence of LAL-D in subjects with premature atherosclerotic disease. A further diagnostic indicator can be derived from the response to medical treatment. While typically subjects with combined dyslipidemia respond well to lifestyle changes and statins or fibrates, these measures hardly affect the lipid derangements in LAL-D subjects. among subjects who are candidates for proprotein convertase subtilisin/kexin 9 (PCSK9) inhibitor treatment. On the one hand, LAL-D patients are potential candidates to be selected for the treatment with PCSK9-inhibitors due to their insufficient treatment response to statins. Additionally, administration of PCSK9-inhibitors could aggravate liver disease in LAL-D due to the further up-regulation of LDL receptors on the cell surface of hepatocytes. Thus, LAL-D could, in fact, represent a medical contraindication to the administration of PCSK9-inhibitors which should be excluded prior to the administration of PCSK9 inhibitors. PCSK9 inhibitors did not show adverse effects with regard to the liver in the pivotal registration trials. 49 
Establishing the diagnosis LAL-D
The relatively low number of cases diagnosed with LAL-D in comparison with the genetic prevalence is likely due to a low degree of suspicion of the diagnosis and the common nature of the key clinical and biochemical abnormalities. Hence, raising awareness among clinicians is the crucial step in identifying subjects with LAL-D as establishment of the diagnosis represents the easier step once the disease is suspected. The following steps are clinically useful to establish the diagnosis in a suspected case.
Tests to confirm lysosomal storage diseases
There are two tests, that can be considered an unspecific examination for the presence or absence of a lysosomal storage disease. These are chitotriosidase levels and presence of vacuolated lymphocytes in peripheral blood smear.
Chitotriosidase is a chitinase of unknown physiological function in humans. Its production is increased in activated macrophages due to lysosomal storage. 50 Excessive elevations are found in Gaucher disease but milder elevations are a common finding to all lysosomal storage disorders with macrophages involved. 38 Vacuolated lymphocytes in a blood smear, which are present in LAL-D, represent an easily accessible tool to confirm the suspicion of a vacuolated lysosomal storage disorder. 51, 52 Figure 5 shows a vacuolated lymphocyte in a lysosomal storage disorder.
Tests to establish diagnosis LAL-D
The suspicion of LAL-D can be confirmed by measurement of enzyme activity in a dried blood spot test and sequencing of the LIPA gene.
LAL-activity -dried blood spot test
LAL enzyme activity can be determined by dried blood spot testing as published by Hamilton et al in 2012. 42 In order to distinguish LAL activity from other blood lipases, Lalistat 2, a specific inhibitor of LAL, is added to the reaction. LAL activity is calculated as the difference of total lipase activity with and without the addition of Lalistat 2. This method distinguishes between healthy individuals, carriers and affected patients. The authors have further investigated longterm stability, concluding that LAL activity decreases by 6% after 4 days at room temperature, allowing sufficient diagnostic accuracy if a prompt transport of the specimens is ensured. Sample stability can be further improved at lower temperatures. Furthermore, the method is also used for LAL enzyme activity testing in fibroblasts and leukocytes. 53 However, with the use of dried blood spot testing, these methods have become in fact obsolete and dried blood spot testing seems to be superior in the screening for LAL-D concerning accuracy, availability and costs to all other methods and also genetic testing. 32 
Genetic testing
Sequencing of the LIPA gene is required and recommended for the characterization of the underlying mutation. There are 120 known disease-causing LIPA variants, however, the 4 most common mutations account for 61% of the total allele frequency. 21 We recommend the use of LIPA sequencing only in case of a positive LAL dried blood spot test and not as a screening tool in a suspected case. 
Treatment of LAL-D Statins
Taking into consideration that hyperlipidemia is one of the main features of LAL-D, lipid-lowering drugs were the mainstay in the treatment before ERT became available. A mild amelioration of the lipid abnormalities has been reported in some of the subjects treated with statins, cholestyramine and ezetimibe. 5, [54] [55] [56] [57] [58] However, no controlled clinical studies investigated the outcome of statin therapy in LAL-D patients. Despite the successful treatment of dyslipidemia with a documented decrease of hepatomegaly, histological progression of hepatic fibrosis has been reported. 59 The observation that patients likely do not benefit from statin therapy concerning liver disease is further supported in the review by Bernstein et al 5 demonstrating that in 12 patients treated with statins the liver histology did not improve. As the key mechanism of action of statins is the up-regulation of LDL receptors on the hepatocyte surface and thereby increasing the LDL cholesterol uptake, one might even speculate that statins can accelerate the liver disease in LAL-D. 60 
Stem cell transplantation
Hematopoietic stem cell transplantation has been reported to be a successful treatment in some infants suffering from WD. [61] [62] [63] However, there were also reports about disease progression and fatal transplant-related complications.
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Liver transplantation
Bernstein et al 66 investigated the outcome of 18 LAL-D patients that have undergone liver transplantation. In 61% of these patients, multi-systemic LAL-D progression occurred despite liver transplantation. The authors further noted the recurrence of a LAL-D typical histology 9 months after transplantation in one patient. Liver transplantation is indispensable in some patients suffering from end-stage liver failure or liver cancer; however, the deficiency in LAL enzyme activity in bone marrow-derived histiocytes and all other tissues persists. Hence, the replacement of the diseased liver fails to prevent multi-organ disease progression in most patients and hepatic recurrence of LAL-D can occur with the repopulation of the liver with recipient stem cells. 66 The use of immunosuppressive agents is likely to further aggravate vascular disease.
Enzyme replacement therapy
Balwani et al 67 were the first to report about the clinical use of sebelipase alfa (Kanuma©, Alexion Pharmaceuticals, Inc., Cheshire, CT, USA), a recombinant human LAL enzyme produced by applying targeted gene expression in hen oviduct cells, as an ERT in LAL-D. Sebelipase alfa is welltolerated and leads to a reduction of transaminases, total cholesterol and triglycerides and to an improvement of HDL cholesterol. 67, 68 Moreover, liver volume and lipid content of the liver have been shown to decrease under ERT. The superiority of ERT to placebo in the significant reduction of serum aminotransferase levels, hepatic fat content and the amelioration of pathological lipid profiles has been confirmed in the ARISE trial. 18 Even infants suffering from WD showed survival well beyond the historical life expectancy and improvement concerning gastrointestinal symptoms, hepatosplenomegaly, anemia, liver dysfunction and growth.
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Conclusion
LAL-D is a rare disease that may go unnoticed or be diagnosed late if not suspected. Although the clinical signs and symptoms are common, as they resemble components of the MetS, the disease needs to be considered in various clinical contexts as described. Establishment of the diagnosis has become easy with the use of dried blood spot tests which specifically test for LAL enzyme activity. With the availability of ERT the historically dire prognosis has dramatically improved, adding a further argument to the usefulness of timely diagnosis.
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